First-principles calculations are employed to provide a fundamental understanding of the structural features, elastic anisotropy, shear-induced atomistic deformation behaviors, and its electronic origin of the recently proposed superhard t-SiCN. According to the dependences of the elastic modulus on different crystal directions, the t-SiCN exhibits a well-pronounced elastic anisotropy which may impose certain limitations and restrictions on its applications. The further mechanical calculations demonstrated that t-SiCN shows lower elastic moduli and ideal shear strength than those of typical hard substances of TiN and TiC, suggesting that it cannot be intrinsically superhard as claimed in the recent works. We find that the failure modes of t-SiCN at the atomic level during shear deformation can be attributed to the breaking of C-C bonds through the bonding evolution and electronic localization analyses. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
A particular challenge in material sciences is the synthesis and design of materials with desired physical and chemical properties. It is for this reason that (super) hard materials have attracted significant interest. 1 The prediction of hexagonal b-C 3 N 4 2,3 with extraordinary hardness has led to a great deal of experimental works synthesizing this novel CN material with different approaches. [4] [5] [6] [7] [8] [9] [10] However, the growth of b-C 3 N 4 with crystal sizes large enough to enable measurement of its properties has not been achieved so far. In contrast to the b-C 3 N 4 , three different stable polymorphs of Si 3 N 4 (a-, b-, and c-Si 3 N 4 ) [11] [12] [13] [14] have been well-characterized with properties that make them useful for applications in which wear resistance is required at high temperatures and in a corrosive environment. Especially, the measured Vickers hardness of c-Si 3 N 4 is between 35 GPa 15 and 43 GPa 16, 17 and confirms that this material qualifies as a potentially superhard solid. From the point of view of fabrication of ceramic composite materials, it has been suggested [18] [19] [20] that the incorporation of SiC into Si 3 N 4 matrices can increase hardness, creep, and oxidation resistance properties compared to those in pure Si 3 N 4 materials. Therefore, extensive experimental and theoretical efforts have turn to the synthesis and design of ternary Si-C-N ceramic materials with excellent chemical stability, high hardness, promising thermal properties, etc. Until recently, a great experimental achievement has led to the actual synthesis of Si-C-N materials and suggested possible applications using various techniques. [21] [22] [23] [24] [25] [26] [27] However, most these methods grow either rod-shaped crystal, mixtures of crystalline and amorphous, or pure amorphous Si 1ÀxÀy C x N y films for the tenability of atomic ratio in Si-C-N systems over a very wide range. Few uniform crystalline structures were obtained in Si-C-N materials, which are the key to understand the electronic and mechanical properties for actual applications. In 1997, two crystalline solids, cubic SiC 2 N 4 (space group, Pn3m) and orthorhombic Si 2 CN 4 (space group, Aba2) in the ternary Si-C-N systems have been synthesized and determined by X-ray powder diffractions. 28 As demonstrated in the previous work, 29 the long chains of SiÀN¼C¼NÀSi fragments in these two structures limit their achievable hardness and the flexibility of the N¼C¼N bonds have been considered an essential feature for more extended structures. Following these pioneering works, extensive investigations have been carried out for predicting and designing other candidates for SiC 2 N 4 and SiC 2 N 4 with excellent mechanical properties. [29] [30] [31] [32] [33] [34] [35] [36] Another promising cubic crystal phase, c-SiCN (space group, F-43 m), was experimentally determined and then made part of International Crystal Structure Database (ICSD). 37 More recently, Cui et al. 38 performed an extensive structural search of SiCN compounds, and a superhard tetragonal t-SiCN structure (space group, P4 2 nm) was found to be the most preferential ground-state structure instead of c-SiCN. The formation energy calculations 38 have demonstrated that t-SiCN is thermodynamic stability 39, 40 and could be experimentally synthesized at ambient pressures. As a novel SiCN single crystal phase, the theoretical hardness of t-SiCN is estimated to be 41.5 GPa by Cui et al. using the semi-empirical microscopic model of hardness. Nevertheless, it is a bit surprising that such a superhard material possesses a so low shear modulus of 174 GPa which is lower than the measured value of b-SiC (192 GPa). 41 In a)
Author to whom correspondence should be addressed. present work, we have extended the mechanical properties of t-SiCN and presented in detail the variations of the elastic moduli along the arbitrary directions. Moreover, in order to provide a deeper insight into mechanical behavior and hardness of this new SiCN phase, the stress-strain relations and the underlying atomistic bond breaking processes under the applied strain of t-SiCN were thus systematically studied.
II. THEORETICAL METHOD AND COMPUTATIONAL DETAILS
All first-principles plane wave calculations within density functional theory were performed using the Vienna Ab-initio Simulation Package (VASP). 42 The electronic exchange-correlation potential was treated by the generalized gradient approximation with the Perdew-BurkeErnzerhof flavor. 43 The electron and core interactions were included by using the frozen-core all-electron projector augmented wave (PAW) method, 44 45 (10 Â 10 Â 6) in the first Brillouin zone. The independent elastic constants were determined from evaluation of stress tensor generated small strain and bulk modulus, shear modulus, Young's modulus, and Poisson's ratio were thus estimated by the Voigt-Reuss-Hill approximation. 46 The stress-strain relationships were calculated by incrementally deforming the model cell in the direction of the applied strain, and simultaneously relaxing the cell basis vectors conjugated to the applied strain, as well as the positions of atoms inside the cell, at each step. 47, 48 To ensure that the strain path is continuous, the starting position at each strain step has been taken from the relaxed coordinates of the previous strain step. Figure 1 shows the crystal structure of t-SiCN, in which the equivalent puckered SiCN hexagons are connected with each other by twisting alternately 90 so as to form threedimensional intersecting honeycomb-stacks running along c axes. Further inspections reveal that the Si and C atoms are all tetrahedrally bonded and each N atom forms two Si-N bonds and one single C-N covalent bond. The equilibrium structural parameters for t-SiCN are calculated by full relaxations of both lattice geometry and ionic positions at ambient pressure. The optimized lattice constants of a ¼ 4.123 Å and c ¼ 6.848 Å , bond lengths of We have plotted the band structure, total, and partial density of state (DOS) of t-SiCN at ambient pressure in Figure 2 , where the horizontal dashed line is the Fermi level (E F ). It can be seen that this tetragonal phase is an indirect band gap semiconductor with a band gap of 0.77 eV, which is close to the previous predicted value (0.89 eV). 38 From inspection of its partial DOS curves in Figure 2 (c), it reveals that the valence band regions below E F are mainly contributed by N-p, C-p, and Si-p states. Moreover, the N-p orbital has a significant hybridization with C-p and Si-p orbital localized in the energy range from À12 eV to E F , indicating the strong C-N, Si-N, and Si-C covalent bonding nature in t-SiCN. We found through Bader charge analysis that the charge transfer from Si to N and C atom is 0.97 e and 1.83 e in one formula unit, indicating the ionicity of Si-C and Si-N bonds. Therefore, the chemical bonding in t-SiCN is a complex mixture of covalent and ionic characters.
III. RESULTS AND DISCUSSIONS
The elastic stabilities, incompressibility, and rigidity of t-SiCN were determined from the calculated single crystal elastic constants by applying a set of given strains with a finite variation between À0.01 and þ0.01. 51 thus suggesting that the tetragonal structure of t-SiCN is mechanically stable. In addition, the calculated results of t-SiCN showed that the elastic constants possess the trend C 11 < C 33 , indicating that t-SiCN is less compressible along the c axis than in the basal a-b plane. Moreover, it should be noted that the zero-pressure bulk modulus (B 0 ) derived from the third-order Birch-Murnaghan equation of state 52 agrees well with the derived Hill bulk modulus (B H ) in Table I , which demonstrates the good accuracy of our elastic calculations. However, it can be seen from Table I that the bulk and shear moduli of t-SiCN are, respectively, 37.7% (4.8%) and 17.3% (12.3%), lower than those of typical hard substances of TiN (TiC), 49, 50 indicating the lower rigidity and high compressibility for t-SiCN. Considering that the shear modulus can be a measure of the resistance to plastic deformation and the bulk modulus can be a measure of the resistance to fracture by an external force, the critical G/B ratio which separates ductile and brittle materials is around 0.57, 53 i.e., if G/B < 0.57 the material behaves in a ductile manner, otherwise the material behaves in a brittle manner. As shown in Table I , the calculated G/B ratio for t-SiCN is 0.7, suggesting its brittle behaviors. To understand the elastic anisotropy of t-SiCN on a fundamental level, we have calculated the orientation dependences of the Young's modulus E and shear modulus G, as shown in the Figure 3 . The calculations of elastic moduli-crystal orientation dependences conducted here are similar to our previous studies to which we refer the reader for further details. 54 Figure 3(a) shows threedimensional picture of dependence of the E on a direction in crystal, and the distance from the origin of system of coordinate to the closed surface equals to the E in a given direction. For a perfectly isotropic medium this three-dimensional surface should be a sphere, however, Figure 3(a) shows a wellpronounced anisotropy of t-SiCN. The cross-sections of t-SiCN in ab and bc plane are also shown in Figure 3(b) , in which the calculated E max /E min ratio of the Young's moduli for t-SiCN is E [001] /E [100] ¼ 571/217 ¼ 2.63. In Figure 3(c) , the orientation dependences of Young's modulus E along tensile axes within (001), (100), and ð1 10Þ specific planes are plotted and the ordering of Young's modulus as a function of direction in t-SiCN is
. Similarly, the orientation dependences of the shear modulus G of the t-SiCN were also conducted for shear on (001), (100), and ð1 10Þ planes, as plotted in Figure 3 As mentioned above that the theoretical hardness of tSiCN is estimated to be 41.5 GPa in Ref. 38 , however, both the calculated bulk and shear moduli of t-SiCN in the present work are lower than those of the typical hard materials TiN and TiC. Previous publications [55] [56] [57] [58] have demonstrated that ultimate hardness of a material may be assessed from its ideal shear strength, which also appears to correlate with the onset of dislocation formation in an ideal, defect-free crystal. The ideal strength in a specified direction is microscopically determined by bond strength and breaking nature under strain. The stress-strain relations upon tension and shear for the tetragonal t-SiCN are thus calculated and the obtained results are plotted in Figure 4 . Figure 4(a) shows the stressstrain relations in different tension directions for t-SiCN. The ideal tension strengths, defined as the first maximum in the stress-strain curves, are 37.6 GPa, 79.7 GPa, 51.6 GPa, and 51.4 GPa along the h100i, h001i, h110i, and h111i directions, respectively. The anisotropy ratio of ideal tensile strengths for t-SiCN is r h100i : r h001i : r h110i : r h111i % 1: 2.12:
1.37: 1.37. The lowest peak tensile stress for t-SiCN in the h100i direction is 37.6 GPa which is larger than the lowest tensile strengths of Re 2 N (r h 12 10i ¼ 28. (r h 12 10i ¼ 34.5 GPa), 57 but is lower than those of B 6 O (r h10 10i ¼ 53.3 GPa), 56 ReB 2 (r h 12 10i ¼ 58.5 GPa), 56 WB 3 (r h10 10i ¼ 43.3 GPa), 58 c-Si 3 N 4 (r h110i ¼ 41.2 GPa), 59 and c-BN (r h111i ¼ 55.3 GPa). 60 The calculated stress-strain curves along principal shear paths in t-SiCN are shown in Figure 4(b) , in which the highest shear strength of 48.9 GPa and the lowest shear strength of 18.3 GPa is found under the (100)[001] and (110) ½1 10 shear loading, respectively. The lowest shear strength of t-SiCN (18.3 GPa) is much lower than the lowest shear strengths of B 6 O (s ð0001Þh10 10i ¼ 38.0 GPa), 56 WB 3 (s ð0001Þh10 10i ¼ 37.7 GPa), 58 and c-BN (s ð111Þh11 2i ¼ 58.3 GPa). 60 In addition, this value is also lower than the lowest shear strengths of fcc-TiC (31.3 GPa) and fcc-TiN (29.1 GPa) 61 in the same (110) ½1 10 slip system, respectively, showing its lower shear resistance or hardness than these materials. We thus estimated the hardness of tSiCN using the Chen's model. 62 Indeed, the obtained hardness of t-SiCN is 22 GPa which is lower than the measured value of hardness of 28 GPa for TiC. 63 Therefore, both ideal shear strength and theoretical hardness indicate that t-SiCN is a common hard material, not a superhard material. In addition, it is found that the weakest shear strength of 18.3 GPa at a strain of 0.356 in the (110) ½1 10 direction is lower than the weakest tensile strength of 37.6 GPa at a strain of 0.161 in the h100i direction. This means the failure mode in tSiCN is dominated by the shear type in the (110) ½1 10 direction.
To shed light on the origin of the intriguing bondbreaking pattern and atomistic deformation mechanism in (110) ½1 10 direction, the variations of bond lengths and electronic structures as a function of applied strain were plotted in Figures 5 and 6 , respectively. Under increasing shear strains, the equivalent puckered SiCN hexagons (see Figure  1 ) in t-SiCN at equilibrium state are evolved into two inequivalent SiCN hexagons denoted as A and B in the inset (b) in Figure 5 . Correspondingly, the equivalent Si-C (Si-N) bond length in t-SiCN is splitted from one bond distance to two different bond distances indicated as d3 and d4 in B and A SiCN hexagons (d5 and d6 in B and A SiCN hexagons), respectively. More detaily, the C-N bonds denoted as d2 decreases slowly in the whole studied strain range, on the contrary, the C-C bonds denoted as d1 in t-SiCN are stretched increasingly and break at the critical shear strain of c ¼ 0.36548, which limits the achievable shear strengths of tSiCN. Such a bond-breaking can also be clearly seen from the selected crystal structures before (c ¼ 0.36504) and after (c ¼ 0.36548 and c ¼ 0.3797) shear instability [see the insets (a), (b), (c) in Figure 5 ]. It means that this shear-induced structural deformation occurs at strain of c ¼ 0.36548 through the collapse of tetrahedron block including C-C bond in t-SiCN. Interestingly, the difference between d3 and d4 of Si-C bonds increases to 0.067 Å and the one between d5 and d6 of Si-N bonds increases to 0.03 Å at critical shear strain of c ¼ 0.36548 and then both of them decrease abruptly to zero along with the breaking of d1 bonds at shear strain of c ¼ 0.3797. Meanwhile, all of the Si-C and Si-N bond lengths are equal to 1.834 Å at this strain and this means that both A and B SiCN hexagons are equivalent again at shear strain of c ¼ 0.3797 by simultaneously breaking of C-C (d1) bonds. Therefore, the instability of C-C bonds under shear deformation for t-SiCN can be attributed to a local transformation of sp 3 to sp 2 bonding of C atoms upon the shear. In addition, the changes of the Electronic Localization Function (ELF) of t-SiCN upon shear deformation [(110) ½1 10 direction] were analyzed to rationalize the deformation of C-C bonds. At ELF ¼ 0.75, Figure 6 presents the electron localization distributions of t-SiCN at different strains of about 0.1664, 0.34665, 0.36504, 0.36548, and 0.3797, i.e., before and after the instability for the (110) ½1 10 slip system. One can see that the ELF are similar at strains of 0.34665 and 0.36504 (before the shear instability), but a significant difference appears between C-C bonds at large strains of 0.36548 and 0.3797 (after the shear instability). Especially for ELF at strain of 0.3797 presented in Figure 6 (e), where no electron localized at C-C bond and results in the breaking of this bond. Therefore, these ideal strength results indicate that this predicted t-SiCN is unlikely to become superhard material as previous theoretical suggested. Further experimental and theoretical works for tSiCN are thus greatly encouraging.
IV. CONCLUSIONS
In summary, we have performed systematic firstprinciples calculations to examine the structural stability, Vickers hardness, tensile and shear strengths of t-SiCN which was claimed to be superhard. The resulting equilibrium properties are consistent with previous theoretical results. The calculations reveal the bulk and shear moduli of t-SiCN are 231 and 162 GPa, respectively, which are much lower than those of typical hard substances of TiN and TiC. The orientation dependence of the Young's modulus reveals that the t-SiCN is the stiffest along [001] and the most compliant along [100] in response to tensions. The substantially low shear strength and theoretical hardness of t-SiCN indicate that it is a common hard material. Detailed analyses of the failure modes for t-SiCN under shear deformation reveal that the breaking of C-C bonds is responsible for the lattice instability. The present calculations provide fundamental information for better understanding of structural stability and mechanical performance of this interesting material.
